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Most human immunodeficiency virus type 1 (HIV-1) infections are believed to be the result of exposure to
the virus in genital secretions. However, prevention and therapeutic strategies are usually based on charac-
terizations of HIV-1 in blood. To understand better the dynamics between HIV-1 quasispecies in the genital
tract and blood, we performed heteroduplex assays on amplified env products from cell-free viral RNA in paired
vaginal secretion (VS) and blood plasma (BP) samples of 14 women followed for 1.5 to 3.5 years. Diversity and
divergence were less in VS than in BP (P � 0.03 and P < 0.01, respectively), and divergence at both sites was
correlated with blood CD4� cell levels (VS, P � 0.05; BP, P � 0.01). Evolution of quasispecies was observed
in 58% of the women; the loss or gain of quasispecies in VS or BP was always accompanied by such changes
at the other site. In addition, sustained compartmentalization of quasispecies in VS was found for four women,
even as CD4� cell levels decreased to low levels (<50 cells/�l). Quasispecies changes over time were associated
with fluctuations in CD4� cell levels; concordant increases or decreases in VS and BP divergence had greater
CD4� cell level changes than intervals with discordant changes (P � 0.05), and women with evolving quasi-
species had greater decreases in CD4� cell levels compared to that for women who maintained the same
quasispecies (P < 0.05). Thus, diversity, divergence, and evolution of cell-free HIV-1 in VS can be different from
that in BP, and dynamics between their respective quasispecies are associated with changes in CD4� cell levels.

The genome of human immunodeficiency virus type 1
(HIV-1) can undergo extensive diversification during the nat-
ural course of infection (6, 25, 37, 51). The genetic diversity of
HIV-1 in an infected person, typically investigated in blood
plasma, manifests itself as a collection of closely related but
genetically distinct viral variants termed quasispecies. The ge-
netic distances that distinguish these quasispecies are typically
described as viral divergence. The generation of diversity and
divergence among quasispecies is considered the genetic tem-
plate that facilitates the evolution of HIV-1 that occurs during
disease progression.

During the initial and chronic stages of infection, both the
diversity and divergence of HIV-1 quasispecies in blood are
believed to result from host-induced responses to viral infec-
tion, such as production of specific neutralizing antibodies
from a patent immune system (1, 3, 38) and from viral re-
sponses to therapy with antiretroviral drugs (2, 11, 20, 29, 32).
During the later stages of an infection, when the host immune
response is in decline, the number of HIV-1 quasispecies cir-
culating in the blood is reported to decrease, but these viral

variants continue to evolve at the same or at an increased rate
(53), possibly due, in part, to the preferential outgrowth of
CXCR4-using viruses in some persons (23, 53). The majority of
information about the dynamics of HIV-1 quasispecies has
been collected through studies of proviral DNA or viral RNA
in blood (2, 7, 14, 16, 17, 29, 34–36, 39, 42, 43, 53, 57), whereas
much less has been reported on the diversity, divergence, and
evolution of viruses shed in other tissues and organs, including
the genital tracts of infected men and women (15, 31, 44,
46–48, 54, 56, 59).

The available information about HIV-1 replication in the
genital tract of infected women suggests that most of the cell-
free viral quasispecies shed in vaginal and cervical secretions
are the product of local virus replication (18, 21). In addition,
infected cells in the genital tract of HIV-1-positive women
contain proviral quasispecies that can be phylogenetically and
phenetically distinguished from those in peripheral blood
mononuclear cells (21, 44, 48). These results indicate that
infected cells in the genital tract of women contain compart-
mentalized proviral quasispecies that can produce the cell-free
viral quasispecies in vaginal secretions that are reported to be
different than those in the blood plasma (21, 31).

HIV-1 can be compartmentalized in the genital tract in
women and men (18, 31, 46, 48, 59), but the influence of the
host immune response on diversity, divergence, and evolution
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of viral quasispecies in these tissues is not well understood.
Several studies found that cell-free virus levels in vaginal se-
cretions are inversely correlated with CD4� cell levels in the
blood of infected women (26, 30, 55), suggesting that a func-
tioning immune system is associated with controlling viral rep-
lication in genital tissues. More recent evidence indicates that
women with higher CD4� cell levels are more likely to have
compartmentalized cell-free virus shed in their genital tract
secretions (31). However, these studies did not address viral
diversity and divergence in genital tract secretions compared to
those in blood or changes (evolution) in genital tract quasispe-
cies over time (31).

An in-depth analysis of proviral and cell-free viral quasispe-
cies from blood suggests that changes in viral diversity and
divergence can be associated with disease progression in HIV-
1-infected men (53). However, the ability of HIV-1 to com-
partmentalize in the genital tract along with the likely influence
of localized selection pressures in these tissues may produce
viral diversities and divergences that are different from those in
blood. HIV-1 proviral DNAs in cervical secretions and blood
from recently infected women have different patterns of diver-
sity and divergence between the two tissues (48). But proviral
DNA from infected cells may harbor numerous defective or
latent proviruses (49, 52) and may not reflect the population of
cell-free quasispecies shed in genital secretions. Therefore, in
this study we investigated the diversity, divergence, and evolu-
tion of cell-free HIV-1 shed in vaginal secretions compared to
that in the blood of chronically infected women using hetero-
duplex assays that accurately assess those properties (16, 17).
In addition, the association of the women’s immune status over
time with changes in vaginal and blood quasispecies was de-
termined.

(Part of this work was presented at the Keystone Symposia
on HIV Vaccine Development, April 2004, Whistler, Canada,
abstract 420.)

MATERIALS AND METHODS

Study population. This analysis includes data from examinations of women
enrolled in the Emory Vaginal Ecology Study of HIV infection. HIV-infected
women were asked to enroll in this study if they were 18 to 49 years of age, had
a normal Pap smear within the previous 12 months, were expected to live at least
1 year, and either were not on antiretroviral therapy or had taken the same
antiretroviral therapy for at least 3 months prior to enrollment. Exclusion criteria
were as described elsewhere (30). Participants were requested to refrain from
vaginal intercourse and the use of intravaginal medications for 72 h before their
examinations. Informed consent was obtained from the patients in this study, and
the guidelines of the U.S. Department of Health and of the authors’ institutions
were followed in the conduct of clinical research.

Specimens. The samples analyzed in this study were matched vaginal secretion
(VS) and blood plasma (BP) specimens that were collected at approximately
6-month or greater intervals from 14 women enrolled in the Emory Vaginal
Ecology study. At each clinical exam, lavage samples were obtained by introduc-
ing 10 ml of phosphate-buffered saline into the vagina and collecting the pooled
fluid in the posterior vaginal fornix. Vaginal secretions were tested for the
presence of seminal fluid, as described elsewhere (13, 30). Endocervical swabs
were obtained to culture Neisseria gonorrhoeae and to test for Chlamydia tracho-
matis. Wet mounts were examined to detect Trichomonas vaginalis. Women
subsequently diagnosed with genital tract infections were treated for those in-
fections. Venous blood was collected at each exam in a CPT Vacutainer tube that
contained acid-citrate-dextrose anticoagulant. Methods for processing samples,
assaying for blood contamination, and quantifying cell-free HIV-1 RNA were as
described elsewhere (30, 41).

Cell-free HIV-1 RNA isolation, reverse transcription, and nested PCR. Cell-
free HIV-1 was pelleted from 1-ml aliquots of cell-free VS and BP samples by

centrifugation (105 � g) for 30 min. RNA was extracted from the pellets, using
the E.Z.N.A. Total RNA kit (Omega Bio-tek, Doraville, GA) and eluted in 50 �l
of water according to the manufacturer’s protocol. RNA extractions of VS and
BP samples were performed at separate times to avoid the possibility of cross-
contamination of matched samples during this procedure.

One-tenth of the extracted RNA (5 �l) was reverse-transcribed for 30 min at
42°C, using the GeneAmp RNA PCR kit (Perkin Elmer, Branchburg, NJ) and 50
pmol of an antisense primer (JH35R: 5�-CACTTCTCCAATTGTCCITCA-3� [I
indicates inosine]) (8). The resulting cDNA was used in a nested PCR (nPCR)
protocol that amplifies a 540-bp fragment in the C2V4 region of the gp120
envelope gene (7002 to 7541 of HXB2) (8). The broadly reactive primer sets
(JH35R and JH44F: 5�-ACAGTRCARTGYACACATGG-3�; JH33F: 5�-CTGT
TIAATGGCAGICTAGC-3�; JH48R: 5�-ATGTATYCRCCTCCCATR-3� [R
indicates A or G, and Y indicates C or T]) and nested PCR cycling conditions
were previously reported to amplify the C2V4 region from HIV-1 subtypes B, C,
D, and E (8). Reverse transcription and PCR amplification of VS and BP
samples were performed at separate times to avoid the possibility of cross-
contamination of matched samples during this procedure.

To obtain a more accurate representation of the cell-free HIV-1 RNA quasi-
species in a sample, three or more independent reverse transcription (RT)-
nPCRs were performed for each VS and BP sample. Aliquots of the independent
RT-nPCRs were pooled and used in subsequent analyses. In addition, the
amount of amplifiable C2V4 template RNA in a sample was estimated, using a
limiting-dilution protocol for the RT-nPCRs. These reactions were performed by
use of a series of 10-fold dilutions (100 to 103) of the RNA extracts and the
RT-nPCR described above. Amplifiable copies of C2V4 template RNA in the
RT-nPCRs were estimated from the highest dilution of the RNA extract that
produced a 540-bp amplicon detectable by ethidium bromide staining of a 1%
agarose gel. Negative control RT-nPCRs were performed with water as an input
template.

Diversity and divergence of HIV-1 in vaginal secretions and blood plasma.
Diversity and divergence for cell-free HIV-1 quasispecies in VS and BP samples
were determined using the heteroduplex mobility assay (HMA). For this study,
diversity and divergence were estimated in the C2V4 region of the gp120 enve-
lope by measuring differential electrophoretic mobilities of homo- and hetero-
duplexes of DNA formed within a population of RT-nPCR amplicons.

Five microliters of three individual RT-nPCRs from an RNA sample were
combined and mixed with 1.5 �l of annealing buffer (1 M NaCl, 100 mM
Tris-HCl, 20 mM EDTA). The PCR amplicons in the annealing buffer were
denatured at 95°C for 3 min and placed immediately on ice for 20 min to
promote heteroduplex formation. The samples were then electrophoresed on a
6% polyacrylamide gel at 100 V for 2 h and stained with ethidium bromide to
visualize homo-and heteroduplex bands of DNA. Photographic images of the
gels were made and used to record the migration distances of the fastest-moving
homoduplex band and slower-moving heteroduplex bands. Gel photographs
were scanned, saved as TIFF files, and imported into the Scion Image (v4.0.2)
program (Scion Corporation, Frederick, MD). For each lane within a gel, signal
intensities were recorded along the same distance (same number of pixels)
starting just below the single-stranded DNA and ending just below the homo-
duplex band using the plot profile feature of the Scion Image program.

Normalized Shannon entropies, which reflect the amount of viral diversity in
a sample (16), were calculated from pixel intensity pairs using the HDent pro-
gram (available at the Los Alamos HIV sequence database web site, http://hiv
-web.lanl.gov). In order to compare entropies between gels, each gel was stan-
dardized to the smallest number of pixels in the scans under study. Median
mobility shifts (MMS), used to estimate the median divergence among quasi-
species in a sample (16), were also determined for each lane using the HDent
software. The maximum divergence among quasispecies in a sample was esti-
mated by manually measuring the migration distance of the slowest-moving
heteroduplex DNA band; this distance is reported as the maximum heteroduplex
ratio, MHR (MHR � 1 � distance of slowest-moving heteroduplex band relative
to distance of homoduplex band). Entropy, MMS, and MHR values range from
0 to 1; a value of 0 indicates no diversity/divergence (i.e., a homogeneous
population), and values approaching 1 indicate greater diversity/divergence.

HIV-1 quasispecies evolution in vaginal secretions and blood plasma. The
heteroduplex tracking assay (HTA) was used to evaluate the evolution of cell-
free HIV-1 by following changes in quasispecies banding patterns of VS and BP
over time. A unique HTA probe was generated for each woman by use of a
cloned C2V4 RT-nPCR product derived from her BP HIV-1 RNA at the first
clinic visit used for this study. Clonal plasmid DNA was extracted from a single
bacterial colony containing a C2V4 RT-nPCR product in the pCR4-TOPO
vector (Invitrogen, Carlsbad, CA). The plasmid DNA containing a C2V4 BP
clone was used as a PCR template to generate a labeled HTA probe, using the
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RT-nPCR primers JH33F and JH48R described above. In this PCR, the JH33F
primer contained a 5�-6-carboxyfluorescein label that generated amplicons with
one fluorescently labeled DNA strand.

A pool of driver DNA for an HTA consisted of six individual C2V4 RT-nPCRs
that were combined before being precipitated, concentrated by lyophilization,
and resuspended in 30 �l 10 mM Tris-Cl (pH 8.5). The concentrations of HTA
driver and probe were estimated by comparing the intensities of ethidium bro-
mide-stained bands after electrophoresis of 10-fold dilutions of each in 1.0%
agarose gels. HTA hybridization reactions containing the fluorescently labeled
C2V4 probe and 20-fold more unlabeled C2V4 driver DNA in annealing buffer
(100 mM NaCl, 10 mM Tris-HCl, 2 mM EDTA, final concentrations) were
heated to 95°C for 3 min and immediately placed on ice for 20 min. The HTA
reactions were electrophoresed on a 6% polyacrylamide gel for 2 h at 100 V. The
gels were scanned on the Storm 860 system (Molecular Dynamics, Sunnyvale,
CA), using the excitation and emission wavelengths of 450 and 635 nm, respec-
tively. The fluorescent gel images were viewed by use of the ImageQuant soft-
ware program (Molecular Dynamics, Sunnyvale, CA). The 5�-6-carboxyfluores-
cein-labeled HTA probe without driver DNA was used as a negative control in
the HTA.

Statistical analyses. Statistical analyses were performed by use of the Instat 3.0
software package (GraphPad Software, Inc, San Diego, CA). A P value of �0.05
was considered significant. Paired t tests and Spearman rank correlations were
used to analyze HMA data of matched VS and BP samples. Observed distribu-
tions were examined by chi square tests. Spearman rank correlation coefficients
were calculated to assess relationships between HMA data and clinical data,
including blood CD4� cell counts and viral loads. Kruskal-Wallis tests and
Dunn’s multiple comparisons posttests were used to compare HMA data be-
tween multiple groups defined by CD4� cell levels. Mann-Whitney tests were
performed to compare clinical data among patient groups defined by their HTA
data. In addition, Fisher’s exact test was used to compare distributions among
different HTA-defined groups.

RESULTS

Study participants. For this analysis we examined 42
matched samples of VS and BP provided at 42 clinic visits of 14
HIV-1-infected women. For each woman, matched samples
collected at three clinic visits were selected that spanned a total
of 1.5 to 3.5 years. Fourteen of 28 (50%) intervals between
clinic visits were 1 year (rounded to the nearest half year
increment, all intervals �6 months) with four, six, three, and
one interval at 0.5, 1.5, 2.0, and 2.5 years, respectively (Table
1). Each sample had a measurable HIV-1 gag RNA virus load
that was determined by a quantitative RT-PCR assay, as de-
scribed previously (30). The median virus load in VS samples
was 5.7 � 104 total copies (range, 1.1 � 103 to 1.4 � 107 total
copies) and the median BP virus load was 8.5 � 104 copies/ml
(range, 4.6 � 103 to 7.4 � 105 copies/ml) (Table 1). The whole
blood contribution to vaginal virus load did not exceed 1.6% in
any of the lavage samples. Peripheral blood CD4� cell levels
ranged from 1 to 532 cells/�l (median, 267 cells/�l). Four
women were receiving antiretroviral therapy during all three
clinic visits and another four women were receiving antiretro-
viral therapy at one or two clinic visits. Trichomonas vaginalis
was detected at one clinic visit of two women, and Chlamydia
trachomatis was detected at 1 clinic visit of another woman
(Table 1). Neisseria gonorrhea and seminal fluid were not de-
tected at any of the clinic visits.

HMA analysis of diversity and divergence of HIV-1 RNA
quasispecies in vaginal secretions and blood. To avoid the
possibility of underestimating HIV-1 quasispecies diversity and
divergence due to low copy numbers of template RNA, sam-
ples with 10 or more amplifiable copies of env RNA (C2V4
region) were identified by limiting-dilution RT-nPCR. Twenty-
eight (66%) of 42 VS samples and all of the BP samples had 10

or more amplifiable copies of input HIV-1 env RNA per RT-
nPCR (Table 1, Fig. 1). These 28 matched samples were ana-
lyzed for viral RNA quasispecies diversity (entropy values),
median divergence (MMS), and maximum divergence (MHR)
using the C2V4 region in an HMA assay (Fig. 1).

Viral RNA diversity is usually lower in VS compared to
matched BP. Viral RNA diversity was determined using the
method for calculating Shannon entropy values for each HMA
lane as described by Delwart et al. (16). The entropy values for
diversity were compared between the VS and BP samples for
each of the 28 clinic visits that had matched samples with
adequate input viral RNA. Overall, viral diversity in VS was
lower than in BP at 24 (86%) of the clinic visits (Fig. 2A-1).
This greater number of clinic visits with lower levels of viral
diversity in VS was statistically significant (P � 0.01). In addi-
tion, a comparison of the entropy values for all VS (mean,
0.84) and matched BP samples (mean, 0.90) showed that there
was a significant difference between their viral RNA diversities
(P � 0.05, Fig. 2B-1). Although the C2V4 RNA diversity was
less in VS, the entropy values for matched samples of VS and
BP were rank correlated (r � 0.75, P � 0.0001, Fig. 2C-1).

Viral RNA median and maximum divergence is usually less
in VS compared to BP. Viral quasispecies divergence was an-
alyzed using median mobility shifts (MMS) and maximum het-
eroduplex mobilities (MHR). The MMS value, as originally
reported by Delwart et al. (16), is a calculated median of
quasispecies divergence within a sample, whereas the MHR
value reports the greatest level of divergence between quasi-
species within a sample. MMS and MHR values for divergence
were compared between the VS and BP samples for each of
the 28 clinic visits that had matched samples with adequate
input viral RNA. Median viral divergence in VS was lower than
that in BP for 19 (68%) of the clinic visits (Fig. 2A-2). Maxi-
mum divergence was also lower in VS than BP for 17 (61%) of
the clinic visits (Fig. 2A-3). The greater number of clinic visits
with lower levels of median and maximum divergence in VS
were statistically significant (P � 0.01 and P � 0.05, respec-
tively). In addition, a comparison of the MMS values showed
that median viral RNA divergence was significantly less in VS
than in BP (mean MMS: VS � 0.26, BP � 0.32, P � 0.001, Fig.
2B-2). Although the median C2V4 RNA divergence was less in
VS, the MMS values for matched samples of VS and BP were
correlated (r � 0.65, P � 0.001, Fig. 2C-2). Similarly, analyses
of the MHR values indicated that maximum divergence was
less in VS than in BP (mean MHR: VS � 0.23, BP � 0.28, P
� 0.01, Fig. 2B-3), and that VS and BP MHR values were
correlated (r � 0.60, P � 0.001, Fig. 2C-3).

A systematic analysis of the impact of genital tract infections
on quasispecies diversity and divergence was not possible since
only three women (three clinic visits) had confirmed infections
during the study (patients 022, 034, and 1007, Table 1). How-
ever, it was determined that viral quasispecies divergence in
VS was equal or greater than that in BP for two and three of
these clinic visits as measured by median and maximum diver-
gence, respectively. In contrast, viral diversity in VS remained
less than that in BP for these three matched samples.

Analyses of blood CD4� cell levels and HIV-1 RNA quasi-
species diversity and divergence. To examine possible associ-
ations between a woman’s immune status and viral diversity
and divergence we calculated the correlations between blood
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CD4� cell levels and entropy, MMS, and MHR values. Blood
CD4� cell levels were not correlated with viral diversity (en-
tropy values) in either VS or BP. In contrast, CD4� cell levels
were correlated with MMS and MHR values of VS samples (r
� 0.42 and P � 0.04 and r � 0.39 and P � 0.05, respectively).
For BP samples, only MHR values were correlated with CD4�

cell levels (r � 0.41, P � 0.01). Viral diversity and divergence
were further examined by grouping entropy, MMS, and MHR
values into low (�200 cells/�l), medium (200 to 400 cells/�l),
and high (�400 cells/�l) CD4� cell level categories. Although
viral diversity was greatest in the high category for both VS and
BP, the differences were not statistically significant (median
entropies for low, medium, and high categories were: VS, 0.88,

0.84, and 0.93, respectively; and BP, 0.92, 0.93, and 0.94, re-
spectively). Similarly, median divergence (MMS values) was
also greatest in the high category for both VS and BP (median
MMS values for low, medium, and high categories: VS, 0.20,
0.23, and 0.37, respectively; and BP, 0.28, 0.31, and 0.35, re-
spectively), but these differences were also not significant. In
contrast, maximum divergence (MHR values) in VS and BP
were significantly different among the three CD4� cell level
categories (P � 0.05, Fig. 3A; P � 0.01, Fig. 3B, respectively).
For both VS and BP, maximum HIV-1 divergence was signif-
icantly greater in the high category (Fig. 3A and B).

There were no correlations between the virus loads

TABLE 1. Peripheral blood CD4� cell levels, virus loads, entropy, median mobility shift (MMS), and maximum heteroduplex ratio (MHR)
values for blood plasma (BP) and vaginal secretions (VS), and occurrence of antiretroviral therapy and genital tract infections of 14 HIV-1-

infected women at three clinic visits in �3.5 years (patients are grouped by mean CD4� cell levels)

Mean CD4� Patient no. Time
(yr)a

CD4�

(cells/�l)
Virus loadb log10

(BP, VS) Entropy (BP, VS) MMS (BP, VS) MHR (BP, VS) ARTc or
infection

�200 cells/�l 010 102 5.18, 4.78 0.21, 0.69 0.12, 0.14 0.16, 0.19 ART
0.5 101 4.59, 3.64 0.96, 0.79 0.39, 0.16 0.32, 0.38 ART
3 210 5.40, 5.05 0.91, 0.41 0.29, 0.07 0.08, 0 ART

013 284 4.48, 5.21 0.93, 0.87 0.39, 0.18 0.31, 0.29 ART
2 22 5.87, 5.30 0.93, 0.91*d 0.35, 0.33* 0.25, 0.25* ART
3 11 5.29, 4.70 0.89, 0.83 0.27, 0.30 0.19, 0.18 ART

035 1 4.06, 3.10 0.91, 0.77 0.21, 0.13 0.20, 0 ART
0.5 1 5.28, 5.33 0.93, 0.90 0.28, 0.20 0.32, 0 ART
1.5 1 5.84, 3.67 0.96, 0.89 0.33, 0.20 0.32, 0.31 ART

050 40 4.89, 4.21 0.90, 0.80* 0.25, 0.13* 0.26, 0*
1.5 10 4.44, 3.03 0.90, 0.84* 0.22, 0.21* 0.30, 0* ART
2 4 4.89, 4.37 0.88, 0.88 0.21, 0.18 0.33, 0.33 ART

1005 237 4.80, 3.37 0.86, 0.67* 0.31, 0.13* 0.21, 0* ART
1.5 NAe 5.44, 5.32 0.86, 0.87 0.25, 0.26 0.19, 0.19
2.5 155 5.15, 4.58 0.91, 0.69* 0.30, 0.12* 0.19, 0*

200–400 cells/�l 001 NA 4.86, 3.55 0.96, 0.89* 0.29, 0.20* 0.40, 0.08* ART
1.5 332 4.94, 4.27 0.97, 0.89* 0.34, 0.21* 0.35, 0.16* ART
2.5 270 4.76, 4.81 0.92, 0.89 0.22, 0.20 0.24, 0.23

014 277 4.84, 3.71 0.95, 0.89* 0.32, 0.22* 0.38, 0*
2 150 5.50, 4.95 0.95, 0.89 0.35, 0.27 0.32, 0.09
3.5 216 5.04, 3.84 0.96, 0.89* 0.40, 0.26* 0.23, 0.08*

053 491 4.65, 6.33 0.92, 0.79 0.33, 0.23 0.45, 0.20
1.5 378 5.61, 4.78 0.90, 0.87* 0.20, 0.18* 0.30, 0* ART
2.5 113 5.47, 4.88 0.95, 0.87 0.29, 0.20 0.31, 0.18

055 532 5.27, 4.73 0.96, 0.93 0.47, 0.47 0.38, 0.33 ART
1 408 4.98, 4.20 0.96, 0.94 0.48, 0.37 0.40, 0.34 ART
3 32 5.02, 4.98 0.96, 0.96 0.50, 0.53 0.41, 0.37 ART

1007 263 3.86, 4.06 0.92, 0.85 0.29, 0.25 0.32, 0.18
1 240 3.66, 5.33 0.95, 0.91 0.31, 0.34 0.21, 0.24 T. vaginalis
2 295 4.71, 4.28 0.93, 0.80 0.34, 0.26 0.21, 0.18

1012d NA 5.57, 5.35 0.81, 0.70 0.21, 0.18 0.25, 0.09
1 275 5.25, 5.43 0.82, 0.75 0.23, 0.26 0.12, 0.12 ART
1.5 NA 5.06, 4.88 0.90, 0.84 0.32, 0.34 0.23, 0.23

�400 cells/�l 022 513 3.75, 3.42 0.81, 0.68* 0.17, 0.15* 0.25, 0.08*
1 483 4.33, 5.09 0.89, 0.82* 0.27, 0.20* 0.39, 0.15*
2 459 5.50, 5.33 0.95, 0.94 0.38, 0.40 0.25, 0.37 C. trachomatis

034 433 4.45, 3.90 0.96, 0.91 0.44, 0.31 0.37, 0.31
1 449 4.57, 5.30 0.97, 0.96 0.49, 0.41 0.42, 0.42 T. vaginalis
2 330 4.48, 4.26 0.97, 0.95* 0.48, 0.34* 0.42, 0.36*

045 467 4.66, 4.34 0.90, 0.76* 0.17, 0.10* 0.42, 0*
1 432 4.91, 7.15 0.94, 0.81 0.27, 0.14 0.34, 0.34
2.5 355 5.02, 5.61 0.91, 0.82 0.18, 0.17 0.31, 0.31

a Time interval from first time point used in heteroduplex studies (rounded to nearest half-year increment; time between successive clinic visits �6 months).
b HIV-1 RNA copies/ml blood plasma or total HIV-1 RNA copies in cell-free vaginal lavage.
c ART, antiretroviral therapy.
d Patient grouped according to only available CD4� cell count.
d *, sample found to have �10 amplifiable copies of C2V4 RNA in limiting-dilution analysis.
e NA, not available.
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andHMA data (entropy, MMS, and MHR values) for VS or
BP samples.

Changes in HIV-1 RNA quasispecies diversity and diver-
gence over time, and associations with changes in CD4� cell
levels. There were 14 intervals (clinic visits 1 to 2 and 2 to 3 or
1 to 3) in which all samples in an interval had �10 input copies
of C2V4 RNA in their RT-nPCRs (Table 1). These 14 intervals
were used to study changes in diversity (entropy values) and
divergence (MMS and MHR values) in VS and BP quasispe-
cies.

Time-dependent changes in HIV-1 quasispecies diversity
and divergence. For the 14 available intervals, diversity and

maximum divergence changes (entropy and MHR values) in
VS samples were highly correlated with these changes in
matched BP samples (r � 0.80 and P � 0.0006 and r � 0.57 and
P � 0.03, respectively, Fig. 4A). This correlation was not found
for changes in median divergence. For most intervals, matched
VS and BP samples had a concordant increase or decrease in
diversity, and median and maximum divergence (maximum
divergence, see Fig. 4B). It was interesting that two of the five
intervals that had discordant changes in maximum divergence
were from one woman (patient 1007) who had a confirmed
genital tract infection on her second sampling date (Table 1).
In a comparison of the intervals, significantly greater changes
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FIG. 1. HMA profiles of HIV-1 env (C2V4 region) quasispecies amplified from viral RNA in matched VS and BP collected at three clinic visits
for each woman. HMA profiles are grouped according to a woman’s mean peripheral blood CD4� cell level: (A) �200 cells/�l, (B) 200 to 400
cells/�l, and (C) �400 cells/�l. Lane 1 in each gel is a DNA ladder of 500, 700, 1,000, 1,500, and 2,000 base pairs. The bands between 1,500 and
2,000 base pairs in each HMA lane are single-stranded species that are not included in the HMA analysis. �, VS samples with �10 amplifiable
copies of C2V4 RNA as determined by limiting-dilution analysis. a, CD4�-cell counts were available for only one clinic visit for this woman.
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in CD4� cell levels occurred in those intervals that had a
concordant increase or decrease in maximum divergence com-
pared to those with discordant changes; median CD4� cell
changes of 117 and 12, respectively (P � 0.05, Fig. 4B). These
differences were not significant for diversity and median diver-
gence changes.

A further analysis was done to determine if HIV-1 diversity
and divergence were affected by menstrual cycle. We compared
the HMA values in relation to the week of the menstrual cycle.
None of the time points were collected during menses. Twenty-six
time points were from women with regular menstrual cycles and
another 16 time points were from women who previously had had
hysterectomies. There were no significant differences of HMA

values at different weeks in the menstrual cycle or from women
who had had hysterectomies (all P values were �0.6).

HTA analysis of HIV-1 RNA quasispecies evolution in vag-
inal secretions and blood. (i) HTA sensitivity. Although HMA
can analyze the pool of quasispecies for divergence within a
sample, it is not designed to detect changes in specific viral
variants over time. Therefore, we used HTA to detect changes
in specific viral variants over time in a woman’s VS and BP.
The use of a labeled DNA probe, a C2V4 clone from the BP
virus of each woman’s first clinic visit, to form DNA hetero-
duplexes with the unlabeled target quasispecies in the HTA
allowed us to detect the emergence or loss of specific viral
variants from one clinic visit to the next. The performance of

FIG. 2. Analyses of HIV-1 RNA (env C2V4) quasispecies diversity and divergence in matched VS and BP by HMA. (A) Number of clinic visits
at which diversity (A-1), median divergence (A-2), and maximum divergence (A-3) were greater in BP (BP � VS) or in VS (BP � VS) or equal
(BP � VS). �, Vaginal infections were diagnosed at two of these clinic exams. (B) Entropy (B-1), MMS (B-2), and MHR (B-3) values of VS and
BP. Values within the 25% to 75% statistical quartiles are represented by grey boxes, and the solid and dashed lines through the boxes are the
medians and means, respectively. Values within the 10% to 90% statistical intervals are represented by error bars, and outlier data are shown as
solid circles. (C) Spearman rank correlations of entropy (C-1), MMS (C-2), and MHR (C-3) values between matched samples of VS and BP. In
B-1 and C-1, entropy values in parentheses are for two outliers that lie beyond plot scales.
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the fluorescence-based HTA was determined by use of three
C2V4 clones and the labeled probe from one woman. The
probe alone, or the probe incubated with individual clones
resulted in single, fluorescently labeled homoduplex and hetero-
duplex bands, respectively (Fig. 5A). When the HTA was per-
formed using mixtures of the three clones in various proportions,
a single clone comprising 5% of the mixture could be resolved
(Fig. 5A). These results demonstrate that the HTA using fluores-
cently labeled, person-specific probes was capable of resolving the
major C2V4 clonal sequences comprising 5% or more of the
RT-nPCR-amplified quasispecies from cell-free HIV-1 RNA.

(ii) HIV-1 quasispecies evolution in vaginal secretions and
blood plasma. Matched samples of VS and BP from 12 of the
14 women who had HMA data were available for HTA analysis
(Fig. 5B to D). Eight (67%) of the 12 women had a total of 12
(50%) of 24 time intervals, in which all samples in an interval
had �10 C2V4 RNA input copies in RT-nPCRs. Evolution of
the major HIV-1 quasispecies, detected as the emergence or
loss of HTA bands over time, occurred in a total of 9 (75%) of
the 12 intervals of seven women (Fig. 5C and D). In all of these
intervals, evolution of the major quasispecies in VS or BP
samples was accompanied by evolving quasispecies in the
other. However, two patterns of quasispecies evolution were
detected in these women. In one type, HTA bands and changes
in the bands over time in matched samples of VS and BP were
identical or very similar at each interval (Fig. 5C). In contrast,
four women had compartmentalized HTA banding patterns
and evolutionary changes of the major quasispecies that were
distinctly different between their matched VS and BP samples
at each interval (Fig. 5D).

HIV-1 quasispecies evolution and blood CD4� cell levels. To
examine the association of HIV-1 evolution with changes in
immune status, CD4� cell levels and HTA patterns were an-
alyzed. Declines in CD4� cell levels, determined from all avail-
able data, including data from clinic visits prior to or between
the three collection times used in this study, were significantly
greater for the seven women who had evolving quasispecies
compared to the five women who maintained the same quasi-

species populations for all time points (medians of �82 and �2
CD4� cells/�l/year, respectively; P � 0.05; Fig. 6). However, it
should be noted that two women without evolving quasispecies
populations had very low CD4� cell levels (�50 cells/�l) at all
their clinic visits (patients 35 and 50, Fig. 6).

Although CD4� cell levels were higher for clinic visits at
which compartmentalized quasispecies in VS was detected
(Fig. 5D, Table 1), they were not significantly different from
those clinic visits at which HTA patterns were similar (Fig. 5B
and C, Table 1) (medians of 290 cells/�l and 150 cells/�l,
respectively, P � 0.05). Antiretroviral therapy or changes in
antiretroviral therapy, interval changes of HIV-1 RNA loads in
VS or BP, and genital tract infections were not associated with
HTA patterns or HIV-1 evolution.

DISCUSSION

The objectives of this analysis were to evaluate diversity,
divergence, and evolution of cell-free viral RNA quasispecies

FIG. 3. Analyses of HIV-1 RNA (env C2V4) quasispecies maxi-
mum divergence in matched VS and BP with blood CD4� cell levels.
Comparison of MHR values in VS (A) and BP (B) with low (�200
cells/�l), medium (200 to 400 cells/�l), and high (�400 cells/�l) CD4�

cell levels. MHR values within the 25% to 75% statistical quartiles are
represented by grey boxes, and the solid lines through the boxes are the
medians. MHR values within the 10% to 90% statistical intervals are
represented by error bars, and outlier data are shown as solid circles.

FIG. 4. Changes in the maximum divergence of HIV-1 RNA (env
C2V4) quasispecies and CD4� cell levels. (A) Spearman rank corre-
lation of changes in MHR values of matched VS and BP during a time
interval. (B) Comparison of CD4� cell level changes during time
intervals with concordant or discordant changes in MHR values be-
tween matched samples of VS and BP. CD4� cell level changes within
the 25% to 75% statistical quartiles are represented by grey boxes, and the
median changes are indicated by solid lines through boxes. CD4� cell
level changes were unavailable for one interval in each group. �, A vaginal
infection was diagnosed at a clinic visit included in two of these intervals
during which discordant changes in divergence were observed.

VOL. 79, 2005 HIV QUASISPECIES SHED IN THE FEMALE GENITAL TRACT 9805



in the VS of women who had chronic HIV-1-infections. Fur-
thermore, we examined the association of the quasispecies in
VS samples with those in matched samples of BP and with
peripheral blood CD4� cell levels, HIV-1 RNA levels, and
genital tract infections. In this study, diversity and divergence
were significantly less in VS than in BP HIV-1 populations.
Our HMA findings showed that compared to matched blood

virus, vaginal secretions had less viral diversity and divergence
at most clinic visits and had overall lower entropy, MMS, and
MHR values. A previous small cross-sectional study using
HMA reported that HIV-1 proviral diversity was less in cervi-
covaginal secretions than in blood for four women (54).

Taken together, the results from our study and this previous
report (54) indicate that in most instances, the pool of proviral
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FIG. 5. HTA analysis of HIV-1 RNA (env C2V4) quasispecies evolution in VS and BP using a person-specific fluorescently labeled probe from
BP. (A) Validation of the HTA using a cloned, person-specific probe from BP. The fluorescently labeled clone generated from env C2V4 RT-nPCR
products of BP (from first clinic visit) was hybridized against itself (lane 1) or against other BP clones from clinic visits 1, 2, and 3 (clones from
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probe. �, VS samples with �10 amplifiable copies of C2V4 RNA as determined by limiting-dilution analysis.
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quasispecies and the proviral population undergoing active
replication in the female genital tract are genetically less di-
verse and divergent than those in blood; the likelihood of a
more restricted pool of infected cells shedding cell-free HIV-1
into VS could account for these findings. Previous studies have
shown that local replication is the principal source of HIV-1 in
the female genital tract (18, 21). In contrast, cell-free HIV-1
quasispecies circulating in blood plasma are reported to orig-
inate from virus replication occurring at numerous sites of
lymphoid tissues throughout the body (12, 22, 24, 28).

The correlations we observed between HIV-1 diversities in
VS and BP and between HIV-1 divergences in quasispecies
populations at these two sites suggest that one or more sys-
temic factors were influencing HIV-1 quasispecies in both
compartments. The correlations of CD4� cell levels in blood
with viral divergence in both populations (VS, MMS and
MHR; BP, MHR) indicate that immune status was an impor-
tant systemic component that influenced HIV-1 genetics. In
addition to these significant correlations, we observed the
greatest diversity and divergence at higher CD4� cell levels
(�400 cells/�l) in VS and BP samples, although statistical
significance was not found. A previous study following HIV-1-
infected men indicated a link between CD4� cell level and
proviral quasispecies diversity and divergence in blood (53).
These investigators reported that AIDS patients typically
showed low proviral diversity and divergence, while patients
who maintained high CD4� counts had higher diversity and
divergence. Our data expand upon this observation in the
provirus of men by showing that CD4� cell levels in chronically
infected women impact the HIV-1 RNA quasispecies shed in
their vaginal secretions.

Reports that show an association between a woman’s CD4�

cell level in blood and her virus loads in BP and VS also
indicate that cellular immune activity affects the HIV-1 popu-
lations in these two compartments in a similar manner (26, 30,
55). In addition, a previous report of correlated HIV-1 env-
specific immunoglobulin G titers in BP and cervicovaginal se-
cretions of infected women (10) suggests that humoral anti-
HIV-1 titers in VS and BP also could have contributed to the

associations in viral diversities and divergences we observed.
Future comparative studies that evaluate the antibody-depen-
dent activities of virus neutralization and cellular cytotoxicity
in VS and BP will be necessary to determine if both humoral
and cellular immunity are significant factors in controlling qua-
sispecies diversities and divergences in these two populations
of HIV-1.

The correlation between changes of cell-free viral diver-
gence in VS and BP over time provides further evidence that
one or more systemic factors influence HIV-1 genetic distances
in both compartments. In most women studied, greater
changes in CD4� cell levels over time were associated with
concordant increases or decreases of the maximum divergence
in VS and BP. In contrast, we observed that women with
relatively constant CD4� cell levels were more likely to have
discordant changes in maximum divergence between VS and
BP, suggesting that local factors, such as genital tract infections
or local immunity (4, 5), could have been the overriding factors
for influencing genital tract viral genetics when CD4� cell
levels were stable.

Although a previous report found no association of in-
creased proviral diversity with local inflammation (45), we
found that the maximum genetic distances between quasispe-
cies in cell-free virus in VS were abnormally high during vag-
inal infections, being greater or equal to those in matched BP.
It is possible that mucosal infections, ulceration, and inflam-
mation in the genital tract of HIV-1-infected women that are
associated with increased shedding of cell-free virus in genital
secretions (33, 58) also promote increases in cell-free viral
divergence by activating virus replication from latently infected
cells within the genital tract.

Our HTA data showed the emergence or loss of specific
HIV-1 quasispecies in at least one interval for 58% of the
women in our study. In these women, the observed evolution of
VS or BP quasispecies was always accompanied by a simulta-
neous change in the other compartment during the same in-
terval. Quasispecies evolution in only one compartment was
never observed. Data from a previous study of HIV-1-infected
women suggests that simultaneous evolutionary changes can
occur in the proviral quasispecies of the genital tract and blood
(48). However, the data include HIV-1 DNA genotypes that
may not represent the actively replicating virus at these sites.

Even though HIV-1 evolution always occurred simulta-
neously in a woman’s VS and BP, there were distinct differ-
ences in the major quasispecies between these two compart-
ments at each time interval for four of seven women during
which viral evolution was observed. These results indicate that
compartmentalization of virus replication in the genital tract of
these women persisted during the period of our study. Con-
versely, compartmentalization was not detected in the major
quasispecies of VS in any of the time intervals of the other
three women for whom viral evolutionary changes were ob-
served. Although our assessment of compartmentalization did
not use phylogenetic inferences, previous reports indicate that
major differences between HTA banding patterns accurately
represent quasispecies populations that are phylogenetically
distinct (50, 60). Our findings are also supported by previous
studies, which report that some, but not all, chronically in-
fected women have cell-free HIV-1 with compartmentalized
envelope sequences (21, 31). Our longitudinal analysis expands

FIG. 6. Comparison of the linear regression profiles of CD4� cell
levels over time of women with and without detectable evolution of the
major HIV-1 RNA (env C2V4) quasispecies in VS and BP.
(A) Women without detectable C2V4 evolution in matched VS and
BP, (B) women with similar C2V4 evolution in VS and BP, and
(C) women with different C2V4 evolution in VS and BP. Calculated
CD4� cell declines/year are in parentheses following patient numbers.
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upon recent cross-sectional findings (31) to further suggest that
the absence or presence of compartmentalized HIV-1 enve-
lope sequences in a woman’s genital secretions is likely to be
maintained over time, including periods when CD4� cell levels
are low.

This study showed that the evolution of cell-free virus in VS
and BP was associated with greater decreases in CD4� cell
levels over time. For the women with no evolutionary changes,
the HTA results indicated that the same limited number of
major quasispecies persisted in their VS and BP over time. The
lack of HIV-1 evolution in three of these women was likely
associated with their consistently low CD4� cell levels
throughout the study (	200 cells/�l and �50 cells/�l for one
and two women, respectively). These results expand on the
previous reports that showed changes in the quasispecies pop-
ulation of blood slows or becomes undetectable when CD4�

cells have decreased to very low levels (�200 cells/�l) (53). In
addition, this suggests that a woman with a chronically com-
promised immune system is more likely to maintain a homo-
geneous population of cell-free HIV-1 that is genetically sim-
ilar between VS and BP. These data are the first information,
to our knowledge, linking the evolution of cell-free quasispe-
cies in genital secretions with the CD4� cell levels of chroni-
cally infected women.

Exposure to HIV-1 in genital secretions during sexual inter-
course is thought to be the major mode of transmission world-
wide (27, 40). Currently, there are differing reports as to
whether multiple or single HIV-1 variants are transmitted sex-
ually (14, 47, 59). Our data suggests that the highly variable
levels of HIV-1 quasispecies diversity and divergence shed in a
person’s genital secretions may be one factor that determines
whether single or multiple infectious viral variants are avail-
able and transmitted to a recipient. In addition, earlier sexual
transmission studies, based on data from HIV-1 proviral qua-
sispecies in the blood of documented virus donor and recipient
pairs, suggests that transmission of HIV-1 through the genital
mucosa was a highly restricted process, or bottleneck, that
could select for certain minor viral variants circulating in blood
(19).

Our data that some women shed distinctly different quasi-
species in VS compared to BP and that these differences are
maintained over time suggest that sexual transmission of dis-
tinct viral variants found in genital secretions may not involve
selection mechanisms for minor quasispecies represented in
BP. Furthermore, maternal genital secretions are believed to
contain virus that can be perinatally transmitted to infants
during a vaginal delivery (9). The report of an association
between greater cell-free HIV-1 diversity in VS with perinatal
transmission (45) shows that evaluations of viral quasispecies
dynamics in genital secretions are necessary components for
determining the viral and host-related mechanisms of trans-
mission. The data from our study should help in interpreting
how future immune and vaccine therapies could impact the
natural course of HIV-1 shed in VS and how these changes are
associated with a woman’s immune status.
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